Before delivery to endosomes, portions of proCD (procathepsin D) and proSAP (prosaposin) are assembled into complexes. We demonstrate that such complexes are also present in secretions of cultured cells. To study the formation and properties of the complexes, we purified proCD and proSAP from culture media of Spodoptera frugiperda cells that were infected with baculoviruses bearing the respective cDNAs. The biological activity of proCD was demonstrated by its pH-dependent autoactivation to pseudocathepsin D and that of proSAP was demonstrated by feeding to saposin-deficient cultured cells that corrected the storage of radioactive glycolipids. In gel filtration, proSAP behaved as an oligomer and proCD as a monomer. ProSAP altered the elution of proCD such that the latter was shifted into proSAP-containing fractions. ProSAP did not change the elution of mature cathepsin D. Using surface plasmon resonance and an immobilized biotinylated proCD, binding of proSAP was demonstrated under neutral and weakly acidic conditions. At pH 6.8, specific binding appeared to involve more than one binding site on a proSAP oligomer. The dissociation of the first site was characterized by a K D1 of 5.8 + − 2.9 × 10 −8 M −1 (calculated for the monomer). ProSAP stimulated the autoactivation of proCD and also the activity of pseudocathepsin D. Concomitant with the activation, proSAP behaved as a substrate yielding tri-and disaposins and smaller fragments. Our results demonstrate that proSAP forms oligomers that are capable of binding proCD spontaneously and independent of the mammalian type N-glycosylation but not capable of binding mature cathepsin D. In addition to binding proSAP, proCD behaves as an autoactivable and processing enzyme and its binding partner as an activator and substrate.
INTRODUCTION
proSAP (prosaposin) is a 60-73 kDa precursor of four proteinaceous cofactors, saposins A-D, which are indispensable for the hydrolysis of membrane-integrated sphingolipids by lysosomal enzymes [1, 2] . The term saposins refers to sphingolipid activator proteins (SAPs). These activators support the degradation of ceramide (saposin D), glucocerebroside (saposin C), sulphatide (saposin B) and galactosylceramide (saposin A) and perhaps also other complex lipids [2] . Saposins participate in lipid presentation; e.g., saposin C is required for lipid loading on to CD1b molecules in T cells [3] . In addition to the saposins that consist of approx. 80 amino acids each, proSAP is composed of N-and C-terminal peptides and three intersaposin peptides. The four saposin domains of proSAP seem to have evolved from a common ancestral molecule through internal duplications and successive diversification [4] . The three-dimensional structure of saposin B has been elucidated recently [5] , and the result confirmed earlier assumptions on similarity of its structure to that of NK-lysin as well as to that of a 'swaposin' domain [6] that is an integral part of plant vacuolar aspartic proteinase precursors [7] . We have reported that, in cultured human cells, cross-linking of protein with dithio-bissuccinimidyl propionate entraps a 60 kDa protein in complexes with the precursor form of cathepsin D, proCD (procathepsin D) [8] . Later, in human hepatoma cells [9] , mouse fibroblasts [10] and human breast cancer cells [11] , the protein that was crosslinked to proCD using the same reagent was identified as proSAP. The development of a post-translational mechanism for joining proSAP with an aspartic proteinase (proCD) in mammalian cells and the integration of a homologous swaposin moiety in the gene of a plant aspartic proteinase, phytepsin [7] , suggest that these syndicates may play as yet unknown but important roles. Before the identification of proSAP as the complexing partner of proCD, it was observed that, in hepatoma HepG2 cells, portions of both proteins are associated with membranes in transit compartments such as Golgi and that, to a large extent, this binding is independent of mannose 6-phosphate receptors [12] . It is conceivable that the formation of the complex plays a role in mannose 6-phosphateindependent targeting of the two proteins to lysosomes. The partially mannose 6-phosphate-independent binding of proSAP to membranes [12] [13] [14] may explain the finding of significant amounts of saposin C in lysosomes in I-cells, in which phosphorylation of lysosomal enzymes is lacking [15] . The transient binding of proCD to intracellular membranes may be partly explained by an association of proCD with a membrane-bound proSAP. To understand better the formation and properties of the complex of the two lysosomal and facultatively secretory protein precursors, we prepared recombinant forms of these proteins and examined their association and reactions at different pH values in vitro.
MATERIALS AND METHODS

Materials
Human GM2 activator protein was described previously [16] . Methyl α-D-mannopyranoside and pepstatin A-agarose were obtained from Sigma-Aldrich (Taufkirchen, Germany). Peptide N-glycosidase F was obtained from Roche Diagnostics (Mannheim, Germany). Cathepsin D was purified from a homogenate of human trophoblastic tissue using a procedure similar to that described for the purification of proCD below. Normal-term placentas were obtained from local hospitals. Antisera against human saposins are described in [17, 18] . Rabbit antisera against synthetic peptides were obtained from Genosys Biotechnologies (Cambridge, U.K.). For Western blots, secondary horseradish peroxidase-coupled antibodies (rabbit anti-goat immunoglobulins from Dako Diagnostika, Hamburg, Germany, and goat anti-rabbit heavy + light chains from Bio-Rad, München, Germany) were used. All standard chemicals were of analytical grade purity.
Metabolic labelling, immunoprecipitation and detection of cross-linkable complexes in conditioned media
Human U937 promonocytes were cultured in RPMI 1640 medium containing 10 % (v/v) heat-inactivated fetal calf serum (both from Gibco BRL, Eggenstein, Germany), 100 units/ml penicillin and 100 µg/ml streptomycin under air/CO 2 (19:1). The cells were cultured for 3 days in the presence of 2 × 10 −7 M calcitriol (SigmaAldrich) to enhance the rate of synthesis of proCD [19] . Metabolic labelling was performed with Tran 35 S-label (11-18 MBq/ml) in methionine/cysteine-deficient RPMI 1640 medium. The labelling media contained 4 % heat-inactivated fetal calf serum that was dialysed against 0.9 % NaCl. The labelling was performed in the presence of 10 mM NH 4 Cl and 0.1 µM PMA to enhance the secretion of proCD [19] . After labelling for 15 h, the medium was harvested and incubated with 1 mM dithio-bis-succinimidyl propionate for 10 min at 37
• C. The precipitation of proCD was performed as described previously [20] . ProSAP was precipitated analogously using rabbit anti-human saposin C antiserum [15] . The labelled, precipitated proteins were solubilized in the presence of 20 mM dithiothreitol (cleaving the cross-linking reagent), separated by SDS/PAGE as above and visualized by fluorography [21] .
Biosynthesis of recombinant proSAP and proCD
Insect cells, Spodoptera frugiperda Sf21, were cultured in roller bottles at 28
• C in Grace's medium (Invitrogen, Karlsruhe, Germany; composition: as defined in the supplier's catalogue) that was supplemented with 10 % (v/v) heat-inactivated fetal bovine serum. The serum supplement has been shown to prevent proteinolysis of proCD in the medium [22] . The cells were infected with baculovirus harbouring human proSAP cDNA [23] or human proCD cDNA [22] . The proSAP cDNA encoded the isoform without exon 8 [18] with a His 6 tag upstream of the stop codon and an affinity insert including the enterokinase recognition sequence (DPSHGDYKDDDK) downstream of the signal sequence. Four days post-infection, the medium was separated from detached cells by a low-speed centrifugation and stored frozen at − 20
• C.
Purification of proSAP and protein characterization by gel electrophoresis
The medium containing proSAP (500 ml) was thawed, clarified by centrifugation at 12 000 g for 30 min, dialysed against 5 mM Tris/HCl buffer (pH 7.0) at 4 • C and the centrifugation was repeated. The supernatant was applied to a 20 cm × 2 cm Q-Sepharose (Sigma, Deisenhofen, Germany) column, which was operated manually. It was washed with 1 litre of 0.2 M NaCl and 10 mM Tris/HCl (pH 7.0) and proSAP was eluted with a linear gradient up to 1 M NaCl in the same buffer. At this step and at subsequent steps, proSAP was determined semi-quantitatively using a dotblot on a nitrocellulose membrane (0.45 µm pore size; from Sartorius AG, Göttingen, Germany) with a goat anti-human saposin C antiserum and a horseradish peroxidase-conjugated donkey anti-goat IgG (H + L) antibody (Dianova, Hamburg, Germany), both diluted 1:4000. The peroxidase activity was detected with an ECL ® Western-blotting detection reagent kit (Amersham Biosciences, Freiburg i. Br., Germany) as a substrate according to the manufacturer's instructions.
The pooled peak fractions were supplemented with 2 % (v/v) 0.5 M sodium phosphate (pH 7.0) and 0.5 % (v/v) 0.2 M PMSF (Sigma) in DMSO and applied to a 3 cm × 1.5 cm concanavalin A-Sepharose column (Amersham Biosciences). The column was washed with 8 vol. of 0.15 M NaCl, 1 mM PMSF, 0.05 % NaN 3 and 10 mM sodium phosphate (pH 7.0). The elution of proSAP was achieved at 37
• C with 50 ml of 0.75 M methyl-α-D-mannopyranoside in 0.5 M NaCl, 1 mM PMSF and 10 mM sodium phosphate (pH 7.0). The eluate was diluted with water (1:1) and applied on to a 5 cm × 1 cm FPLC hydroxyapatite column (Merck, Darmstadt, Germany). The elution was performed with a linear 10-300 mM gradient of sodium phosphate (pH 7.0). The peak fractions were pooled, concentrated in a UH 25/100 ultra-thimble (Schleicher and Schuell, Dassel, Germany) and taken up in 150 mM NaCl and 10 mM sodium phosphate (pH 6.8). The final step was a gel filtration using a 30 cm × 1 cm Superdex 200 FPLC column (Amersham Biosciences). In general, FPLC was performed using theÄKTAex-plorer apparatus and Unicorn 3.1 software, both from Amersham Biosciences. In aliquots of fractions, the protein was characterized by electrophoresis (SDS/PAGE as described by Laemmli [24] ) and silver nitrate staining [25] .
Sphingolipid loading of cells and TLC analysis of lipid metabolites
Control and proSAP-deficient human fibroblasts were obtained from Dr K. Harzer (Neurometabolisches Labor, Universitatskinderklinik Tübinger, Germany). The cells were grown in minimal essential medium with 10 % fetal bovine serum. Where indicated, the cells were preincubated with proSAP (25 µg/ml) for 24 h, washed with minimal essential medium (Gibco BRL), incubated for 60 min at 37
• C in the fresh medium and, thereafter, loaded with L- [3- 14 C]serine (1 µCi/ml; 18.7 nmol/ml) in minimal essential medium containing 0.3 % fetal bovine serum for 24 h, as described previously [18] . The medium was replaced by a chase medium, containing unlabelled L-serine (185 µM), 0.6 % fetal bovine serum and proSAP (25 µg/ml). After 120 h, the cells were washed three times with 0.15 M NaCl, buffered with 10 mM sodium phosphate (pH 7.4), detached with 0.25 % (w/v) trypsin in this buffer at 37
• C for 15 min, centrifuged, washed once with 1 ml of buffer and collected by centrifugation. The cells were homogenized in 0.4 ml of water, sonicated three times for 15 s and then mixed with 4 ml of methanol and sonicated again for 15 min.
Total lipids were extracted with 3 ml of chloroform/methanol/ water/pyridine (60:30:6:1, by vol.) for 24 h at 50
• C. After drying, phospholipids were degraded by mild alkaline hydrolysis with 100 mM methanolic NaOH for 2 h at 37
• C. The solutions were neutralized with acetic acid, and the lipid extracts were desalted by reversed-phase chromatography on LiChroprep RP18 and separated into acidic and neutral sphingolipid fractions by using DEAE-Sepharose CL6B (Amersham Biosciences) columns [26] ; the sphingolipids were applied in chloroform/methanol/water (3:7:1, by vol.) and the absorbed acidic fraction was eluted with the solvent mixture in which water was replaced by 0.8 M ammonium acetate, and desalted as above. The unbound and bound fractions were applied to TLC silica gel 60 plates (Merck), developed with chloroform/methanol/0. Aliquots of the medium containing proCD were stored frozen. After thawing, the medium was clarified by centrifugation at 12 000 g for 10 min and subjected to affinity chromatography using a 1.5 cm × 2.5 cm (diameter) pepstatin A-4 % beaded agarose (Sigma) column at 4
• C. On the top of the column, the medium was continuously mixed (1:1) with a binding buffer containing 0.7 M NaCl, 0.2 % Triton X-100 and 0.2 M sodium formiate (pH 3.5). The column was washed with 1 vol. of the binding buffer and 2 vol. each of (i) 0.4 M NaCl, 0.1 % Triton X-100 and 10 mM sodium formiate (pH 3.5), (ii) the same buffer without the detergent and (iii) 0.4 M NaCl and 10 mM sodium acetate (pH 5.0). The elution was performed with 0.4 M NaCl and 20 mM Tris/HCl (pH 8.3). The eluted proCD was concentrated and the buffer was exchanged for 2 mM Tris/HCl (pH 8.3; buffer A) by ultrafiltration in a UH 25/100 ultra-thimble. After application to a 7 mm × 35 mm Bio-Rad UNO-Q1 anionexchange FPLC column, proCD was eluted with a linear gradient (40 ml) using buffer A and 150 mM NaCl/25 mM Tris/HCl (pH 8.0) as the initial and final buffers respectively at a flow rate of 0.5 ml/min. The fractions containing proCD were pooled, the protein was concentrated as above and the buffer was exchanged for 2 mM Na-Mops (pH 6.6; buffer A1) by ultrafiltration as described above. Next, FPLC was performed using a 7 mm × 35 mm Bio-Rad UNO-S1R cation-exchange column. A linear gradient of buffers A1 and 150 mM NaCl and 10 mM Na-Mops (pH 6.6) with a total volume of 27 ml and a flow rate of 0.5 ml/min was used. The proenzyme elution reached a peak at approx. 50 mM NaCl. Subsequent experiments were performed with the peak fraction.
Autoactivation of proCD was examined by incubating aliquots of the proenzyme in 5 µl of 50 mM sodium formiate and 50 mM sodium acetate buffers (pH 3.65) at 37
• C for up to 1 h. The same conditions were used to prepare pseudoCD (pseudocathepsin D). The enzymic activity was detected with AMCA (7-amino-4-methylcoumarin)-haemoglobin as a substrate [27] using a SPECTRAfluor reader (Tecan, Crailsheim, Germany) at 365 and 460 nm excitation and emission wavelengths respectively.
Fragmentation of proSAP was performed by incubating proCD with proSAP in 140 mM NaCl and 10 mM sodium phosphate buffer (pH 6.8) for 1 h at room temperature; subsequent to acidification with a pH 3.65 buffer, the incubation was continued at 37
• C as specified in the legends to the Figures. The fragments were precipitated by the addition of 4 vol. of cold acetone, pelleted by centrifugation, dissolved and deglycosylated in a detergent mixture with peptide N-glycosidase F [8] and separated by SDS/ PAGE. Western blotting was performed using PVDF membranes (Hybond-P; Amersham Biosciences) and the ECL ® detection kit as mentioned above.
Gel filtration of proSAP-proCD complexes
The precursors and their mixtures were incubated in PBS (pH 6.8) at 4
• C for 16 h and applied to a 30 cm × 1 cm Superdex 200 (Amersham Biosciences) FPLC column. The proteins were eluted with the same buffer at 0.5 ml/min and fractions of 0.25 ml were collected. Aliquots of 10 µl were analysed by SDS/PAGE and silver nitrate staining (see above). 
Biotinylation of proCD and surface plasmon resonance measurements
ProCD (70 µg) was incubated in 220 µl of 110 mM NaCl and 74 mM sodium phosphate (pH 8.0) in the presence of 50 µM succinimidyl 6-(biotinamido)hexanoate (Perbio Science Deutschland, Bonn, Germany) on ice for 2 h. The reagent was added from a 2 mM stock solution in DMSO. The reaction was terminated with an excess of ethanolamine and the unbound biotin species were removed by dialysis. The autoactivability of proCD and the activity of the modified pseudoCD were not impaired by the derivatization.
Surface plasmon resonance measurements were performed in the BIAcore 3000 system (Biacore, Freiburg i. Br., Germany). Biotinylated proCD (0.5 µg/ml) was immobilized on a streptavidin-coated sensor chip SA at a flow rate of 5 µl/min, using 0.15 M NaCl, 0.005 % (v/v) surfactant P-20 and 10 mM Hepes (pH 7.4) as running buffer, to provide an appropriate starting signal of 1500-2000 response units. The buffer was changed to the Theorell and Stenhagen's citrate-phosphate-borate buffers containing 150 mM NaCl, and the binding and desorption of proSAP, each for 6 min at a flow rate of 10 µl/min, were examined. Signals generated in a control cell without biotinylated proCD were subtracted from the experimental data and the initial values were set to zero. Quantitative evaluation of the binding and dissociation reactions was performed using the software BIAevaluation version 3.1, which was provided with the apparatus.
RESULTS
Presence of proSAP-proCD complexes in secretions
Using dithio-bis-succinimidyl propionate as a cross-linking reagent, the existence of proSAP-proCD complexes has been demonstrated in cells of various types [8] [9] [10] [11] . Since the two precursors are known to be secreted by different cell types of epithelial [28, 29] and mesenchymal origin [15, 30] , we decided to examine the presence of complexes in the medium of cultured cells. To enhance the concentration of precursors, we stimulated the secretion of lysosomal proteins with 10 mM NH 4 Cl and 0.2 µM PMA [19] . After metabolic labelling, an aliquot of the conditioned medium was subjected to cross-linking, and proCD and proSAP were isolated by immunoprecipitation. As shown in Figure 1 , in the cross-linked sample, a portion of proCD was precipitated along with proSAP in the presence of antibodies against the latter protein. Similarly, in the presence of anticathepsin D antibodies, a portion of proSAP was precipitated along with proCD. In both cases, after the cross-linking, approx. 10 % of the non-antigen precursors were co-precipitated. In additional experiments (not shown), we observed the cross-linking Standard proteins and aliquots of the starting media and pools obtained through successive purification steps as indicated in the Figure were heated in the presence of SDS and dithiothreitol and subjected to SDS/PAGE. Staining of the protein with a silver nitrate method indicated that albumin was the major constituent in the starting material, whereas the purification resulted in a gradual enrichment of the recombinant proteins proSAP and proCD. 'St' refers to a protein standard mixture. Lane M denotes the medium and the other symbols refer to the purification steps using Q-Sepharose (QS), concanavalin A-Sepharose (CA), hydroxyapatite (HA), gel filtration (GF), pepstatin A-affinity chromatography (PA), UNO-Q ion-exchange chromatography (UQ) and UNO-S-1R ion-exchange chromatography (US) as described in the Materials and methods section. The asterisk indicates the position of trisaposin-like fragments that accompany proSAP. The standards (St), in the order of decreasing apparent masses, were myosin, β-galactosidase, phosphorylase b, BSA, ovalbumin, carbonic anhydrase, soya-bean trypsin inhibitor and lysozyme.
of a portion of the precursors in conditioned media of metabolically labelled CaCo-2, THP-1 and human fibroblasts. The amount of cross-linked complexes was increased when the secretion of the precursors was enhanced in the presence of 10 mM NH 4 Cl.
Isolation and biological activity of recombinant proCD and proSAP
Two lysosomal precursor proteins were purified from the culture media of baculovirus-infected S. frugiperda Sf21 cells. Figure 2 presents a qualitative characterization of the proteins through the purification stages and the final preparations by SDS/PAGE and silver staining. ProSAP appeared as a broad band with an apparent molecular mass of 60 kDa and proCD with an apparent molecular mass of 46 kDa. During the production of proSAP, a fraction of the precursor was fragmented to a trisaposin, which was not completely removed from proSAP ( Figure 2) . The apparent heterogeneity of the precursor bands was partially due to a variable glycosylation since the heterogeneity was reduced after a digestion with peptide N-glycosidase F (see further below). Using MALDI-MS (matrix-assisted laser-desorption mass spectrometry), the molecular mass of the major species of proSAP was determined to be 60.329 kDa.
Biological activity of the recombinant proSAP was demonstrated by its ability to stimulate the degradation of glycosphingolipids in cultured human fibroblasts defective in the synthesis of the endogenous proSAP. After incubating with or without the recombinant proSAP, the cells were subjected to metabolic labelling with radioactive serine to examine the accumulation of several lipids. Ceramide, glucosylceramide, lactosylceramide, GM3 and GM2 gangliosides and long-chain fatty acids accumulated significantly in the saposin-precursor-deficient fibroblasts 14 C]serine (1 µCi/ml) for 24 h (pulse) followed by a chase phase of 120 h. During the pulse and chase periods, the culture medium in one proSAP(-/-) culture dish was supplemented with 25 µg/ml recombinant proSAP. Cells were harvested, and lipids were extracted and separated into acidic and neutral fractions. After chromatography, the lipids were visualized as described in the Materials and methods section. The positions of ceramide (Cer), glucosylceramide (GlcCer), lactosylceramide (LacCer), globotriaosylceramide (Globo3), globotetraosylceramide (Globo4), sphingomyelin (SM), monosialogangliosides 1-3 (GM1-GM3), disialoganglioside (GD3) and fatty acids (FA) are indicated. when compared with the wild-type. This storage was corrected after feeding the cells with proSAP ( Figure 3 ; see also [31] ).
In several experiments, we treated the precursors with peptide N-glycosidase F and observed a decrease in the apparent mass heterogeneity, which indicated a variable glycosylation of the precursors in Sf21 cells. After deglycosylation, proCD appeared as a sharp band at 44 kDa as shown in the first lane in Figure 4 . A minor component that had a smaller mass was not further characterized. A trimming of carbohydrate side chains also occurred in proSAP. However, the broad appearance of the protein band in SDS/PAGE was less affected in this case than in proCD.
In Figure 4 , the biological activity of proCD was demonstrated by an autocatalytic conversion of the precursor into a processing intermediate during an incubation at pH 3.65. The conversion has been shown to occur under acidic conditions [30] and its product is known as pseudoCD [32] . In the present study, the removal of an N-terminal peptide was confirmed by a Western-blot analysis using rabbit antisera that were raised to synthetic peptides upstream (His-7 to Gly-21) and downstream (Ser-33 to Pro-46) of the autocatalytic cleavage site that localizes between Leu-26 and Ile-27 [33] . The latter antiserum reacted with proCD as well as with the product of its autocatalytic processing, whereas the former recognized solely the apparently larger proCD polypeptide (results not shown). The numbering of the amino acid residues in proCD used in the present study corresponds to the amino acid sequence as deduced from the nucleotide sequence by Faust et al. [34] .
ProCD possessed low proteinolytic activity towards AMCAhaemoglobin at pH 3.65. However, this activity increased during the incubation with the substrate, indicating an autoactivation. The substrate AMCA-haemoglobin was likely to impede the autocatalytic cleavage of proCD during the assay and, therefore, preincubation was performed in the acidic buffer before the addition of the substrate. As shown in Figure 5 , the activity increased significantly if the preincubation was performed for 30 min or longer. After this and shorter preincubations, the rate of AMCAhaemoglobin hydrolysis tended to increase during the assay, indicating that the activation of proCD may continue at a slow rate after diluting the proenzyme with the substrate solution. Usually the activity reached a plateau within a few hours of preincubation and was enhanced severalfold compared with the control with no preincubation. The apparent activity of proCD might be explained by an intrinsic activity of the precursor and/or the presence of a portion of processed forms in the examined precursor preparation. We observed a gradual increase in the enzymic activity after repeated freezing and thawing of the proCD sample. This limited the availability of purified proCD and precluded a quantitative examination of the intrinsic activity in the present study. The progression of the autocatalytic trimming (representatively shown in Figure 4 ) moderately varied between the individual experiments. A similar observation was made on the autoactivation that was monitored by the haemoglobin hydrolysis assay ( Figure 5) . From the results shown in Figures 4 and 5 , we concluded that the proteinolytic cleavage of the precursor was a prerequisite for the gain in proteinolytic activity towards AMCA-haemoglobin.
In vitro formation of proSAP-proCD complexes
Recombinant proSAP formed oligomers at pH 6.8, since, in the gel filtration, it eluted in a broad volume corresponding to a mol- ecular mass equivalent to oligomers consisting of between two and six monomers ( Figure 6 ). In contrast, proCD eluted as expected for a monomer with an apparent molecular mass of 46 kDa. After preincubation of proCD with proSAP at pH 6.8, the elution volume of the former was decreased substantially, indicating an association of the two precusors. This resembled their characterization in cultured cells [8] . From a qualitative point of view, we concluded that the association occurred spontaneously in the absence of other macromolecules. Unlike proCD, single-and double-chain forms of mature cathepsin D did not co-chromatograph with proSAP at pH 6.8 ( Figure 6E ). In the presence of proSAP, the bulk of single-and double-chain forms of mature cathepsin D eluted in fractions [44] [45] [46] [47] [48] [49] [50] . A minor portion of mature cathepsin D eluted in and near fraction 34. In contrast with proCD, which bound heterophilically to proSAP, mature cathepsin D appeared not to bind to proSAP. In a control run (not shown) The reactions were examined with 1.47, 0.73, 0.37 and 0.24 µM proSAP (concentrations refer to those of the monomer) as indicated in the plot. Surface plasmon resonance in the presence and absence of proSAP was recorded as described in the legend to Figure 6 , but all measurements were performed at pH 6.8. The best-fit (indicated by the dotted lines) was obtained by using the bivalent analyte model for proSAP.
with mature cathepsin D alone, a small fraction of the protein fractionated ahead of the main peak similar to the result presented in Figure 6 (E), indicating a weak homophilic interaction.
To characterize the conditions and kinetics of the complex formation, biotinylated proCD was immobilized on a streptavidincoated surface plasmon resonance chip. A stable basal resonance signal was expected with this ligand rather than with proSAP, since, in the gel filtration, proCD behaved as a monomer. With the immobilized proCD, the binding of proSAP was examined at different pH values and concentrations of this analyte. As shown in Figure 7 , a rapid binding of proSAP occurred near neutral pH. Less binding was observed at alkaline pH values. At pH values less than 5, an increased injection noise that varied between the buffer control and the sample precluded a detailed examination of the reaction. No significant binding was observed with two unrelated proteins (GM2 activator protein and BSA) that were used as controls at 0.8 µM concentration each.
At pH 6.8, dependence of the binding on the concentration was examined over the range of 0.24-1.47 µM proSAP monomer. Representative results of these measurements are shown in Figure 8 . Among the binding models available in the standard software, the best-fit was observed with the 'bivalent analyte'. This suggested that proSAP oligomers possess more than one binding site for proCD. Owing to the immobilized nature of the ligand (proCD), its simultaneous binding to two or more binding sites on proSAP oligomer was probably less than the optimum. Therefore only the first binding (k a1 ) and dissociation (k d1 ) constants that describe a part of the following modelled reaction were considered: 
The velocity constants are presented along with the S.D. values that were calculated from the results of four independent measurements.
Proteinolysis of proSAP and formation of pseudoCD after acidification of the proSAP-proCD complexes
We prepared complexes of proSAP with proCD by incubating their mixtures at room temperature at pH 6.8, acidified the medium to pH 3.65 and incubated the samples for specified periods. The in vitro processing of the two precursors was examined by SDS/PAGE and silver staining ( Figure 9) . A major portion of proSAP was digested within 3 h of incubation. At the expense of the precursor, smaller polypeptides were formed that probably represent 'trisaposins' and 'disaposins', referring to fragments of proSAP that contain three and two neighbouring saposin domains respectively. After 1 h of incubation of proCD alone, a major portion of the precursor was converted into a smaller molecule resembling pseudoCD. The relative intensity of the two stained bands in this experiment and other similar experiments revealed that the conversion was faster in the presence of proSAP. Thus, after a 3 h digestion in the absence of proSAP, a significant portion of proCD remained undigested, whereas in the presence of proSAP, the conversion of proCD appeared to have been completed. In this situation, proCD rapidly executed both the autoactivation and fragmentation of proSAP. A possible explanation for the results is that proCD, when complexed with proSAP, is rendered a better substrate for the autoactivation. Alternatively, proSAP could enhance the activity of pseudoCD that is produced during the incubation. To test the latter possibility, the effect of proSAP on pseudoCD was examined using labelled haemoglobin as a substrate. A representative result of this test is shown in Figure 10 . At an approximately stoichiometric ratio, the stimulation with proSAP was nearly 2-fold. A decrease in PseudoCD was prepared by incubating proCD at pH 3.65 with a conversion of 95 % of the precursor. Aliquots (100 ng each) were incubated with the indicated amounts of proSAP in 10 mM sodium phosphate buffer (pH 6.8) at room temperature for 30 min. The solutions were then mixed with the fluorescent haemoglobin substrate under standard cathepsin D assay conditions to determine the enzyme activity.
the activity was apparent at higher concentrations of proSAP. It is probable that proSAP plays two roles in this system. First, it complexes and activates pseudoCD and, secondly, it is a substrate of pseudoCD and competes with haemoglobin as a substrate.
Incubation of proSAP with a higher amount of proCD resulted in the formation of smaller fragments. In SDS/PAGE, apparent masses of the digestion products varied between that of proSAP and those of peptides < 9 kDa that may have represented incomplete saposins ( Figure 11A ). Apparently, starting in a complex with proSAP, proCD can be activated to pseudoCD and the latter can hydrolyse proSAP preferentially although not exclusively within the connecting (intersaposin) and terminal peptides. After the acidification, tri-and disaposins as well as monosaposinlike fragments were formed that reacted characteristically with specific antisera. In a Western blot of the digestion products, we observed that, in these artificial mixtures, significant amounts of products resembling saposins C and D were formed ( Figure 11B ).
In subsequent experiments that included Western blotting, fragments with masses intermediary between those of disaposins and monosaposins, as shown in Figure 11 (A), reacted with antisaposin A antibodies. This indicated a rapid cleavage within the intersaposin AB in the vicinity of the saposin B domain or within the latter. The results suggested that (i) proCD contained within the complexes can be autoactivated to pseudoCD if the pH is decreased, (ii) proSAP in the complexes as well as its free excess is a substrate of pseudoCD, (iii) proSAP is cleaved by pseudoCD within the connecting and the terminal peptides at several positions, yielding transiently tri-and disaposins and (iv) saposin D and, less so, saposin C temporarily resist further degradation, whereas saposin A and, even faster, saposin B are degraded with little or no accumulation of related disaposin and monosaposin.
DISCUSSION
proSAP and proCD are glycoproteins that originate in the endoplasmic reticulum and reach the lysosomes by intracellular trafficking. A series of cellular studies indicated that the two precursors travel together and form protein-protein complexes with each other [8] [9] [10] [11] . In endosomal and/or lysosomal compartments, they are proteinolytically processed to mature active lysosomal proteins, saposins A-D, and the so-called double-chain cathepsin D. As will be discussed further below, cathepsin D participates in the processing of proSAP. Hence, it is remarkable that, soon after the synthesis [8] [9] [10] [11] , the precursor (proCD) of this processing enzyme is captured by its potential substrate (proSAP) or vice versa, to be joined for targeting to the same destinations. In the present study, we demonstrated the occurrence of proSAPproCD complexes in secretions of cultured cells. We assumed that the complexes participate in novel functions at or near the cell surface and, therefore, we described the preparation of biologically active recombinant proSAP and proCD and characterized their interactions in vitro.
Activation of proCD is modulated by proSAP
Initially, an autocatalytic processing of proCD has been observed with immunoprecipitates of this precursor as prepared from secretions of human fibroblasts and incubated at acidic pH [30] . Later, using an in vitro folded recombinant human proCD, it has been shown that the autocatalytic cleavage results in the removal of 26 amino acids from the N-terminus, thus forming pseudoCD, a homologue of pseudopepsin [32, 33] . Wittlin et al. [35] demonstrated autoactivation with an immunoprecipitate of proCD from a baculovirus expression system similar to the proCD secreted by fibroblasts [30] . The proCD described in the present study was isolated after an intracellular folding and is free of antibodies, and can be quantitatively converted into pseudoCD (Figure 4) . It is reported for the first time that proSAP accelerates the activation of proCD (Figure 9 ). Our findings suggest that proSAP interacts with both proCD and its trimmed form, pseudoCD, and stimulates their catalytic activity. Thus the interaction does not require the presence of the N-terminal hexadocosapeptide in the cathepsin moiety.
ProSAP is an oligomer that associates with proCD
Hiraiwa et al. [36] have reported that human proSAP purified from either milk or the medium of infected Spodoptera cells forms oligomers of varied masses. With proSAP from the baculovirus expression system, we observed, using gel filtration, that oligomers were the predominant form of the purified precursor at neutral pH and that these oligomers spontaneously bound proCD. Practically all proCD associated with proSAP if an excess of the latter was provided (Figure 6 ). The elution in the high-molecularmass region contrasted with the behaviour of proCD alone, which fractionated mainly as a monomer.
ProSAP-proCD complexes formed in the absence of other human proteins and the binding of proSAP to immobilized proCD occurred at submicromolar concentrations of the former. In experiments with cultured cells, we observed that, after metabolic labelling, a portion of the secreted proCD was co-precipitated with proSAP if the medium was treated with the cross-linker dithiobis-succinimidyl propionate before the addition of the antibody. Similarly, a portion of the secreted proSAP was co-precipitated with proCD. Apparently, after the secretion, in spite of the vast dilution, at least a portion of the complexes remained associated.
We suggest that, in cells, the complexes are formed spontaneously after folding of the two precursors in the endoplasmic reticulum and that portions of proSAP and proCD are transported in a tandem not only to lysosomes but also into the extracellular space. Since the proSAP used in the present study was represented by the isoform lacking exon 8 [18] and contained extensions at both the N-and C-termini, the exon 8-encoded peptide and the native termini were unlikely to play an important role in the oligomerization and complex formation. From our observations on the binding of proSAP to immobilized biotinylated pseudoCD and on the lack of a stable association of mature single-and doublechain cathepsin D with proSAP in solution, it may be speculated that, in proCD and pseudoCD, amino acid residues comprising the N-terminal region of pseudoCD are involved in association with proSAP.
Fragmentation of proSAP
Previously, a fragmentation of proSAP has been achieved in the presence of human testicular glycoprotein fraction and shown to be sensitive to pepstatin A [36] as well as to antibodies raised against cathepsin D [37] , thus implicating this proteinase in the processing. In baculovirus-infected insect cells [38] and their medium [36] , as well as in incubations of purified proSAP with cathepsin D [37] , formation of various tri-and disaposins as well as monosaposins with N-and C-terminal extensions has been reported. Metabolic labelling and immunoprecipitation of the fragments indicated that, in a major path, intersaposin AB is severed first and that disaposins BC and CD are more abundant than disaposin AB [38, 39] . We examined the processing of proSAPproCD complexes and observed that pseudoCD was formed after acidification and it hydrolysed proSAP at multiple sites similar to what had been observed with mature cathepsin D [37] .
The yield of the saposin D-like fragment appeared to be highest among the saposins, so that the distal saposin domain was least sensitive to cleavage by pseudoCD. We assume that the stability of saposins depends on their interactions with lipids and/or proteins that were omitted in the present study. Recently, it has been reported that acid β-glucosidase is rapidly degraded in fibroblasts lacking the cognate saposin C, suggesting that the latter is protecting the enzyme [40] . The saposins, in turn, may be protected by lysosomal enzymes and lipids.
Does the complex formation matter in the lysosomal targeting of the precursors?
We have not addressed this question experimentally. However, owing to the apparently strong interaction of the precursors with each other, this point is noteworthy. Major fractions of proSAP and proCD are targeted to lysosomes. The remainder is secreted and the extent of the secretion varies with cells and conditions. Both proCD and proSAP contain phosphorylated oligosaccharide side chains that may participate in the lysosomal targeting. However, when compared with normal cells, in I-cells, the absence of oligosaccharide phosphorylation results in a rather moderate decrease in the lysosomal concentration of saposins, which is consistent with an alternative, mannose 6-phosphate-independent targeting [15] . Interestingly, in I-cell fibroblasts, a significant residual lysosomal targeting of proCD takes places as well [41] . Proximal to the lysosomal segregation compartments, still in the Golgi cisternae, a significant portion of proSAP appears to be insoluble and to bind to membranes independent of mannose 6-phosphate residues [12] . Similarly, a mannose 6-phosphateindependent association of proCD with intracellular membranes has been described in [13, 42, 43] . This interaction depends on acidic pH and is saturable, indicating the presence of an as yet unidentified receptor [42] . In rabbit macrophages, membrane association has been detected in endosomes but not in lysosomes [43] . It is conceivable that the described interactions with membranes apply not only to the single precursors but also to their complexes.
In addition to a certain degree of carbohydrate-independent lysosomal targeting, proCD and proSAP share the ability to bind lipids. ProSAP is known to bind gangliosides [37] and, through its saposin domains, it may interact with other membrane constituents, such as phosphatidyl serine [1] . In the lysosomal targeting of proSAP, sphingomyelin was reported to be indispensable [44] , with saposin D and the adjacent C-terminal moieties in proSAP playing a crucial role. Another lipid interaction was described for proCD: it bound to and was activated by ceramides [45] . In cells, not only the proteinolytic maturation but also the lysosomal targeting of proCD were accelerated [46] .
Binding to lipids or membranes alone does not explain targeting to an organelle. ProSAP was shown to bind to low-density lipoprotein receptor-related protein [23] at the cell surface and to sortilin intracellularly [47] . Sortilin is a transmembrane protein with multiple ligand-binding domains and a cytosolic tail that associates with adapter proteins and, hence, it can participate in the lysosomal targeting. It should be of interest, therefore, to examine the binding of the proSAP-proCD complexes to receptors known for either moiety and also the influence of various lipids on these binding reactions.
